Background Obstructive uropathy (OU) is a common cause of end-stage renal disease (ESRD) in children. Children who escape the newborn period with mild-to-moderate chronic kidney disease (CKD) continue to be at increased risk. The predictive ability of clinically available markers throughout childhood is poorly defined. Methods Patients with OU were identified in the Chronic Kidney Disease in Children Study. The primary outcome of interest was renal replacement therapy (RRT) (cases). Controls were age matched and defined as patients within the OU cohort who did not require RRT during study follow-up. Results In total, 27 cases and 41 age-matched controls were identified. Median age at baseline and age at outcome measurement were 10 vs. 16 years, respectively. First available glomerular filtration rate (GFR) (36.9 vs. 53.5 mL/min per 1.73 m 2 ), urine protein/creatinine (Cr) (0.40 vs. 0.22 mg/mg) and microalbumin/Cr (0.58 vs. 0.03 mg/mg), and serum CO 2 (20 vs. 22 mmol/L) and hemoglobin (12.4 vs. 13.2 g/dL) differed significantly between cases and controls, respectively. GFR declined 3.07 mL/min per 1.73 m 2 /year faster in cases compared to that in controls (p < 0.0001). Urine protein/Cr and microalbumin/Cr increased by 0.16 and 0.11 per year more in cases compared to those in controls, respectively (p ≤ 0.001 for both). Serum phosphate increased by 0.11 mg/dL and serum albumin and hemoglobin decreased by 0.04 (g/dL) and 0.14 (g/dL) per year more for cases compared to those for controls, respectively (p < 0.05 for all). Conclusions Age-specific baseline and longitudinal measures of readily available clinical measures predict progression to ESRD in children with mild-to-moderate CKD from OU.
Background
The term obstructive uropathy (OU) encompasses a constellation of diagnoses affecting the urinary system. The common thread grouping these diagnoses together is the impedance of urine flow resulting in renal injury. Most causes of pediatric OU are congenital and impact nephrogenesis and kidney maturation, contributing significantly to pediatric chronic kidney disease (CKD) and end-stage renal disease (ESRD) [1] . Population studies estimate that OU accounts for 16.5% of children with kidney transplants and 13% of children receiving dialysis [2, 3] . Despite continued improvement in techniques for early diagnosis and management of OU in both the prenatal and postnatal periods, a significant number of these children still progress to ESRD [4] [5] [6] [7] .
Predicting CKD progression in children with OU is critically important in order to enable early intervention and allow targeted surveillance. The majority of research to date has focused on posterior urethral valves (PUV); however, less common forms of urinary obstruction also contribute to uropathy in children. In children with PUV, serum nadir creatinine (Cr) under 1 mg/dL by the first year of life is used as a prognostic indicator, with those whose Cr is above this nadir being more likely to develop renal failure than those below. This single cutoff of serum creatinine is suboptimal in risk stratifying many patients. In particular, those whose nadir is below 1 mg/dL appear to have a more variable course with some not progressing at all during follow-up [8] .
Historically, this lower risk group of patients has not been as well studied, but is important to understand as it lends an opportunity for intervention and prevention given that their kidney prognosis appears less defined. Some of the difficulties with determining the progression of renal decline in this group is that renal injury is likely multifactorial and additive, including the initial injury and potentially modifiable insults throughout childhood. In children with PUV specifically, bladder dysfunction occurs in over half of patients, typically progressing from that of spastic high pressures to increased capacity myogenic failure [9, 10] . Also, the renin-angiotensin system (RAS) is activated in OU through tubule-interstitial damage which may play a role in the timing and progression of CKD [11, 12] .
Further complicating the study of these children is that many demonstrate delayed signs of renal insufficiency that only surface during their teenage or adult years [13, 14] . This lag time of over a decade and potential influence of puberty makes studying this group of OU children difficult and highlights the importance of prospective longitudinal studies. Progressive renal damage in these children likely occurs due to a multitude of factors, including but not limited to bladder dysfunction, chronic vesicoureteral reflux, persistent/recurrent obstruction, polyuria, hyperfiltration, and infections, as well as acceleration of growth, increased body mass, and elevated blood pressure during pubertal years [15, 16] . It is thus essential to define the natural history of renal decline over many years in these children, as well as predictors and trends in clinical markers that may precede GFR decline. Also, by improving our understanding of the natural progression of these children, mechanistic knowledge gaps can be narrowed, allowing future studies to focus on targeted novel biomarkers and potential disease modifiers. This study utilized a prospective longitudinal cohort of children with mild-to-moderate CKD to better characterize renal decline in children with OU and identify potential trends in clinically available predictors specific to those who progress to ESRD and those who do not.
Materials and methods

Study population
The Chronic Kidney Disease in Children (CKiD) study is a prospective, observational study of children with mild-tomoderate CKD recruited from 48 North American Pediatric Nephrology Centers. Enrollment for CKiD initiated in 2005 (CKiD cohort 1) and was initially designed to capture children ages 1-16 with a glomerular filtration rate (GFR) of 30-90 mL/min per 1.73 m 2 . In 2011 (CKiD cohort 2), these criteria were further restricted to a GFR of 45-90 mL/min per 1.73 m 2 to allow longer follow-up prior to CKD progression. Between cohorts 1 and 2, a total of 891 children have been enrolled in CKiD. All subjects undergo baseline evaluation and yearly follow-up visits of which details for the study design and methods have been previously published [17] . For this study, we nested a case-control design within the CKiD cohort by matching children who received renal replacement therapy (RRT), defined as renal transplant or dialysis, to children who did not receive RRT during follow-up.
Measurements and data collection
Patients with OU as their primary diagnosis code were identified in CKiD. No further granularity of data is available in CKiD as to the clinical diagnosis resulting in OU (i.e., PUV, prune belly syndrome vs. obstruction at the ureteropelvic or ureterovesical junction could not be distinguished). We reviewed patient sociodemographic characteristics, followup duration, urine markers (protein/Cr and microalbumin/ Cr), and serum testing (CO 2 mmol/L, phosphate mg/dL, albumin g/dL, hemoglobin g/dL). These specific markers were chosen for analysis, as they are both available in CKiD and commonly measured in clinical settings, facilitating application to patient care. GFR (mL/min per 1.73 m 2 ) was measured by either disappearance of iohexol (iGFR) or estimated as a function of sex, height, serum Cr, cystatin C, and BUN using the CKiD derived formula, which has been previously described [18] . The primary outcome of interest was RRT (defined in our study as Bcases^). BControls^were defined as patients within the OU cohort who did not receive RRT during the study period.
Cohort development
In total, 149 patients with OU were identified, with 33 meeting the case definition. Only patients with at least 3 study visits measuring GFR were included, resulting in 32 cases and 69 controls. Matching of cases and controls was performed based on age at baseline and time on study (i.e., control's follow-up length had to be longer than or equal to the case's length of time free of RRT), using a random computergenerated sequence. Cases were matched to controls without replacement so that each case had a unique set of controls. Cases for which an appropriate control match was unavailable (n = 5 cases) were excluded from the analysis. The final matched population allowed for up to a 3:1 ratio for controls per case.
Statistical analysis
Patient characteristics (age, sex, race), follow-up duration, and clinical predictor variables for RRT (GFR, urine protein/Cr and microalbumin/Cr, serum CO 2 mmol/L, phosphate mg/ dL, albumin g/dL, and hemoglobin g/dL) were compared between cases and controls at baseline visit using chi-squared tests for categorical variables and the Wilcoxon rank-sum test for continuous variables. Clinical predictor variables were then compared longitudinally between cases and controls using linear mixed-effects models, whereby the variable was modeled as a function of time to RRT and case vs. control status. For all matched cases and controls, the slope for time to RRT was anchored at the time of RRT for the case. All models included a patient random intercept and random slopes for time to RRT, to allow for patient-specific progression to ESRD, and an interaction term between time to RRT and case status in order to test for slope differences between cases and controls. iGFR measurement was preferentially used when available, and eGFR was included for improved linear modeling for visits where only estimations were calculated.
Results
After exclusions and matching, we identified 27 cases and 41 controls. There was no difference noted between cases and controls for age at baseline, age at outcome, sex, and race. Follow-up duration was longer for controls than cases (6.8 vs. 4.9 years, respectively) due to CKiD study censoring once the patient progresses to ESRD. Median age at baseline and age at outcome measurement were 10 vs. 16 years, respectively. Baseline visit GFR, urine protein/Cr, serum CO 2 , and serum hemoglobin differed significantly between cases and controls. A significant difference was also found for urine microalbumin/Cr; however, this variable was not collected at all baseline visits, as it was added later and thus represents earliest measurement available. No difference was seen for baseline serum phosphate or albumin (Table 1) . Evaluating changes in GFR over time between cases and controls ( Fig. 1) , cases declined 3.07 mL/min per 1.73 m 2 /year faster compared to controls, which was statistically significant ( Table 2) . Expanding this analysis to other clinical variables, significant differences in change over time for cases and controls were identified for urine protein/Cr, urine microalbumin/ Cr ( Table 2, Fig. 2 ), serum phosphate, serum albumin, and serum hemoglobin (Table 2, Fig. 3 ). Only serum CO 2 failed to show statistical differences in this analysis.
Discussion
In the current study, we were able to identify patients with OU who were found to have opposing clinical courses and evaluate risk factors by outcome. The initial analysis focused on GFR, showing both a significant difference at study entry and change over time when comparing cases and controls. This suggests that in the years prior to progression, both a single GFR measurement and its trend over time provide predictive value. The analysis was then expanded to include urine protein/Cr, urine microalbumin/Cr, and serum (CO 2 , hemoglobin, phosphate) differences both at initial measurement and longitudinally. All markers evaluated showed some level of prediction on either difference in baseline measure, change over time, or both.
To our knowledge, this is the first study of its kind to evaluate predictive measures of renal progression specifically in OU from a prospectively collected longitudinal dataset such as CKiD. The advantage of this study design was the ability to study predictors at enrollment and over time in two cohorts of patients where the renal outcome at last follow-up was known. The ability of these measures to provide information on progression risk up to 5 years before the outcome has the potential for significant clinical impact. In a disease like PUV, where silent bladder dysfunction or recurrent obstruction may contribute to accelerated renal progression, sequential targeted blood or urine screening could provide an opportunity to intervene earlier and change the clinical course. Also in areas where specialty care is sparse, risk stratification using these measures could identify patients at greater need for urology and/or nephrology consultation and testing.
Merging data from CKiD and the ESCAPE trial, a recently published study also found that combining GFR, proteinuria, and CKD diagnosis allows improved prediction for disease progression compared to GFR alone [19] . This highlights the potential strength in combining clinical markers to improve risk stratification. Also, in adults with proteinuria, the association between strict blood pressure control and inhibition of the RAS is well documented in delaying progression of CKD [20] . In children, blood pressure maintained in the low range of normal using ramipril delayed progression to ESRD. After instituting ramipril therapy, a significant decrease in proteinuria was seen in most patients and was predictive of renal protection. This study also stratified the effect of ramipril by diagnosis, demonstrating that glomerular diseases showed the most significant response [21] . These insights into the association between the RAS and CKD progression in children highlight the need for both improved early risk stratification and refinement of intervention strategies to delay progression. It is also evident that all childhood CKD is not created equal, and patients would likely benefit more from diagnosis-specific risk stratification and intervention therapies.
Notwithstanding the advantages of using the CKiD dataset to study predictors of renal progression in OU, there are significant limitations to this study. Unfortunately, the level of granularity available for diagnosis is limited to OU with no further characterization. Thus, the OU cohort likely comprised a heterogeneous population including PUV, prune belly syndrome, urethral stricture, and ureteropelvic and ureterovesical junction obstructions that were either bilateral or with an abnormal or absent contralateral kidney. PUV and prune belly syndrome likely represent the majority of patients in our study; however, the precise distribution is unknown. This is significant given bladder-level dysfunction can impact clinical course, especially in patients with PUV and prune belly syndrome. Despite this limitation in the ability to differentiate between specific causes of OU and the unique clinical course associated with each, we were still able to identify overall trends in a heterogeneous group. Presumably, the ability to stratify by specific diagnosis would have improved prediction of each disease course, thus not undermining our current findings. Also of concern in our study is that the median age at outcome was 16 years and some controls may eventually become cases if followed longer. One would expect however that if some cases were misclassified as controls due to limited follow-up, this would bias the results towards the null and not diminish the study conclusions. This study is also limited by its potential selection bias in that patients were recruited from pediatric nephrology centers. Not only are these patients likely to have access to more specialized care, enrollment in the CKiD demands close followup and screening. The combination of these factors likely results in optimization of renal outcomes compared to a general population of OU patients with comparable disease severity. Thus, the clinical course observed in this study may not accurately represent the general population of children with mild-to-moderate CKD from OU. This point however may represent an opportunity rather than a limitation, given the greater potential impact from risk screening in a patient population not receiving a comparable level of surveillance for disease progression. Lastly, given the small number of children studied between our two cohorts, further stratification by renal protective medication use and blood pressure control was not feasible. Given the known effects these factors have on renal progression in CKD, future studies will require incorporation of these variables.
In conclusion, we identified both baseline and longitudinal differences in commonly collected urine and serum measurements that were able to predict ESRD in the years preceding RRT. Optimal risk stratification would likely result from a combination of age-specific baseline and longitudinal measures for which ideal cutoffs still require investigation. Future studies will focus on defining optimal combinations and cutoff values of these clinical markers to hone risk models, as well as the addition of candidate CKD progression biomarkers which may add predictive value. Ideally, children Years before renal replacement therapy Cases Controls Fig. 3 Estimated change in statistically significant serum predictors over time identified at high risk would undergo closer surveillance and testing that may allow changes in clinical management to slow or halt progression.
